Abstract: Involvement of reactive oxygen species has been implicated in plant defence against pathogens. We report here a novel pathway of H 2 O 2 generation induced by the addition of phosphate in soybean (Glycine max L.) cell suspension cultures. This H 2 O 2 generation was initiated shortly after the addition of phosphate, and lasted only approximately one hour, as opposed to several hours observed during an attack by an avirulent strain of the bacterial pathogen Pseudomonas syringae pv. glycinea (Psg). In addition, when cell cultures were treated with both phosphate and the avirulent pathogen, two distinct oxidative burst events were observed. In contrast to DPI-sensitive Psginduced H 2 O 2 generation, phosphate-induced H 2 O 2 generation was insensitive to this NADPH oxidase inhibitor. This suggests that an NADPH oxidase-independent pathway may be involved in the phosphate-induced H 2 O 2 accumulation, which could be involved in sensing of phosphate availability in the environment.
Introduction
Generation of reactive oxygen species in plants was first reported by Doke (1983 [4] ) in aged potato tuber tissue inoculated with an avirulent race of the fungal pathogen Phytophthora infestans. Since then, this phenomenon of an oxidative burst has been reported in hypersensitive responses in many pathosystems (Lamb and Dixon, 1997 [7] ; Wojtaszek, 1997 [13] ). Some suggested cellular functions for the oxidative burst are oxidative cross-linking in the cell wall (Bradley et al., 1992 [2] ) and activation of defence-related genes (Mehdy, 1994 [10] ). In soybean cells inoculated with Pseudomonas syringae pv. glycinea (Psg) containing an avirulence gene avrA, a strong oxidative burst started 3 -4 h after inoculation and was sustained for several hours, and hypersensitive cell death was attributed to the oxidative burst (Levine et al., 1994 [8] ). In addition to this latephase (Phase II) oxidative burst, a weaker early-phase (Phase I) oxidative burst is often observed when cells are inoculated with either avirulent or virulent races of Psg. Phase I oxidative burst is not involved in race-cultivar specific resistance (Lamb and Dixon, 1997 [7] .
In our investigation, we detected the generation of H 2 O 2 in soybean suspension cells following the addition of inorganic phosphate in the medium. Many molecules derived from invading pathogens or released from plant cell walls (elicitors) are known to cause an oxidative burst without pathogen infection (Wojtaszek, 1997 [13] ). Oligogalacturonide is one such example and has been shown to trigger rapid release of H 2 O 2 in soybean cells (Apostol et al., 1989 [1] ). However, elicitation by inorganic phosphate has not been reported before to the best of our knowledge.
Materials and Methods
A suspension cell culture of soybean (Glycine max L.) cultivar Williams 82 was maintained at 25 8C in the dark on an orbital shaker (130 rpm) in Murashige-Skoog (MS) medium (Murashige and Skoog, 1962 [9] ) supplemented with 2.22 µM 6-benzylaminopurine and 3 mg/L picloram. MS medium consisted of the following 13 salts and one sugar: KNO 3 [5] ), was maintained at 28 8C on King's B medium (King et al., 1954 [6] ) plates with 50 µg/ml streptomycin. Liquid cultures were prepared by inoculating King's B medium broth containing streptomycin with a single colony of plate cultures, and grown for 18 h at 28 8C with shaking. The overnight culture was centrifuged, and resuspended in sterile water for inoculation of soybean cell cultures. The final concentration of the bacteria in inoculated suspension cultures was adjusted to optical density A 600 = 0.1.
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Treatments were performed on 900 µl of soybean cell cultures grown in 12-well tissue culture plates with shaking at 70 rpm. One hundred microliters of various nutrients, 10 times higher in concentration than used in the regular MS medium, were added to the cell cultures (final concentrations equal to those used in the regular MS medium). DPI, K-252 a, and staurosporine were purchased from Calbiochem (San Diego, California), and dissolved in DMSO and the final concentration was adjusted to 5, 1, and 2 µM, respectively.
H 2 O 2 generation by the cells was measured by the quenching of scopoletin fluorescence at 460 nm following excitation at 350 nm. In this highly sensitive and specific assay, fluorescing scopoletin is oxidized by H 2 O 2 to non-fluorescing scopoletin (Root et al., 1975 [12] ). Therefore, in this assay, we observe a loss of fluorescence with the generation of H 2 O 2 . Briefly, 5 µl of 2 mM scopoletin were added to the cell culture at various times, incubated for 5 min, and fluorescence was determined spectrophotometrically. This is a destructive sampling procedure, and scopoletin was added to the 1 ml samples each time the measurements were made. The scopoletin quenching was linear up to 80 µM of H 2 O 2 , tested in the present study.
Results and Discussion
We initially found that a common plant growth medium, MS, is a strong inducer of H 2 O 2 generation in soybean suspension cells. MS medium contains sucrose and 13 salts. We observed that, despite the high concentration, sucrose does not contribute to H 2 O 2 generation. Therefore, we removed one salt at a time from MS to identify the causal component(s) of H 2 O 2 generation. When the total MS salts were added to the cell culture, H 2 O 2 generation started in less than 30 min, whereas when the cells were inoculated with Psg(avrA) alone, the Phase II H 2 O 2 generation started much later (Fig. 1) . A Phase I oxidative burst was also observed when the cells were inoculated with Psg. When the cells were treated with both the MS salts and the pathogen, two distinct H 2 O 2 accumulation patterns were observed. However, when KH 2 PO 2 was omitted from MS salts, the H 2 O 2 accumulation pattern was comparable to that of Psg(avrA) alone (Fig. 1) . All of the other 12 salts in MS medium were also tested by omitting each individually, and we observed that the time courses of H 2 O 2 generations were essentially the same as that of MS. H 2 O 2 generation at 30 min for all omission treatments are shown in Fig. 2 . We observed a reduction in the Psg(avrA)-induced oxidative burst when the cells were co-treated with salts ( Fig. 1, between 2 h and 5 h) . This might be due to the osmotic repression of bacterial hrp genes necessary for delivery of avr gene products (Rahme et al., 1992 [11] (Fig. 3) . The quenching of scopoletin is not the result of a chemical interaction between phosphate and scopoletin because the incubation of scopoletin with phosphate without cells did not reduce fluorescence (data not shown). In addition, the time course of quenching of scopoletin fluorescence shows a peak in phosphate-treated cells, indicating the biological nature of the phenomenon. The change in pH of the medium as the cause of H 2 O 2 generation or scopoletin quenching is precluded because both acidic and alkaline phosphate solutions were able to cause similar kinetics of H 2 O 2 generation. Moreover, the suspension culture is well buffered, and when monitored immediately after the phosphate addition, pH change was minimal. Since the time courses of H 2 O 2 generation were different in phosphate treated and infected cells, we were interested in learning if two independent pathways are involved in generating H 2 O 2 . It has been reported that the induction of an oxidative burst in soybean requires NADPH oxidase and protein phosphorylation (Chandra and Low, 1995 [3] ; Lamb and Dixon, 1997 [7] ). DPI, a suicide substrate inhibitor of NADPH oxidase (5 µM), or protein kinase inhibitors K-252 a (1 µM) and staurosporine (2 µM) completely abolished a Psg(avrA)-induced oxidative burst in cultured soybean cells (Levine et al., 1994 [8] ). These results were confirmed in our experiments ( 
